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Abstract 12 
For the first time a series of anionic surfactant ionic liquids (SAILs) have been synthesized based on 13 
organic surfactant anions and 1-butyl-3-methyl-imidazolium cations. These compounds are more 14 
environmentally friendly and chemically tuneable as compared to other common ionic liquids. A detailed 15 
investigation of physico-chemical properties highlights potential applications from battery design to reaction 16 
control, and studies into aqueous aggregation behaviour, as well as structuring in pure ILs, point to possible 17 
uses in electrochemistry. 18 
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Introduction 23 
Ionic liquids (ILs), commonly thought of as liquid salts below 100 ˚C, are of immense interest as they have 24 
physico-chemical properties different from conventional molecular solvents1. Typical ILs are 1-butyl-3-25 
methyl imidazolium halides (bmim X), and the bmim moiety is a common component in many ILs. Ionic 26 
liquids are often considered to be environmentally benign due to low vapour pressure; with up to 109 cation-27 
anion combinations2 they are highly tunable and may be designed for specific chemical and synthetic 28 
applications.  29 
It soon became appreciated that long chain analogues of the common cationic imidazolium based ILs could 30 
self-assemble to form micelles in aqueous solutions3, these systems were then dubbed “surfactant ionic 31 
liquids” (SAILs)4. Since then catanionic SAILs have been reported5, these are novel systems being 32 
composed of cations and anions both having an amphiphilic character. Initial studies of cationic SAILs were 33 
limited in scope, with only minor chemical variations centred around substituted imidazolium analogues6. 34 
Here is reported for the first time a systematic study of catanionic SAILs, comprising the 1-butyl-3-methyl-35 
imidazolium (bmim) cation and common anionic surfactant anions, which also bear bulky hydrophobic 36 
chains (Figure 1). 37 
Recently El Seoud et al.7 and Eastoe et al.8 have shown that the ionic liquid nature confers no special 38 
properties in terms of surfactant properties or aggregation behaviour of SAILs: essentially they behave just 39 
like regular surfactants. Nonetheless, the development of these SAILs is advantageous as it presents 40 
interesting opportunities to combine the properties of surfactants with those of imidazolium-based ILs, and 41 
this dual nature may well be beneficial in applications such as separation, condensation and extraction. 42 
Recently9, it was shown that hydrophobic analytes, such as hydrocarbons, partition strongly into micellized 43 
SAILs, suggesting advantages in aqueous phase transfer catalysis, being also appropriate liquid media for 44 
extraction and recycling of reagents.  45 
The SAILs reported here are appealing for various reasons. Firstly, aggregation is controlled by the 46 
chemical structures of the anions, being more tailorable than the chemically limited sub-set of imidazolium 47 
cations commonly employed: in these new systems small structural changes feed through to significant 48 
effects on aggregation properties such as critical micelle concentration (cmc), mesophase behaviour, and 49 
also on bulk physico-chemical properties such as melting point and solvent miscibility. Secondly, since the 50 
compounds contain imidazolium heterocycles it is probable that these SAILs could act as catalysts, either 51 
ligating to metal atoms or providing an acidic medium appropriate for certain chemistries (for example 52 
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Diels-Alder or Friedel-Crafts reactions)10. Thirdly, since they are halogen-free the compounds are more 53 
environmentally friendly than traditional imidazolium-based SAILs. In addition to this, the intrinsic 54 
nature/properties of the cations and anions selected are also important. For example, anions such as AOT 55 
(Figure 1) have antibiotic and pesticidic properties11, and imidazolium cations are also known to have 56 
antibacterial properties11. Another reason for selecting a short alkyl chained imidazolium group is that 57 
aquatic toxicity is reduced compared to longer chain analogues12.  58 
 59 
Figure 1: Surfactant ionic liquids (SAILs) studied here  60 
This paper describes the synthesis, chemical characterization (Supporting Information), and physico-61 
chemical properties of neat ILs (viscosity, density, melting point, etc.) as well as for aqueous solutions 62 
(surface tensiometry, small-angle neutron scattering). Furthermore, a potential application of the SAILs in 63 
electrochemistry is explored. Aqueous phase studies are important to learn how self-assembly structure is 64 
related to the IL molecular architecture, useful for example in applications where the underlying phase 65 
structure can be tuned to provide a new dimension for control over outcomes of organic reactions. 66 
Densities are important when considering electrochemical and battery applications, where weight is a 67 
concern. In addition, low density may also be advantageous for phase separation of immiscible liquids. 68 
Knowledge of viscosity is important for chemical engineering applications, but is also fundamental for uses 69 
as  chemical reaction media, since  affects reactant diffusion coefficients.  70 
Ionic liquids were originally conceived as electrochemical solvents13 and are industrially important because 71 
they are effective at moderate temperatures, being also less corrosive than classical molten salts. The 72 
electrochemical windows of ILs are often > 4 V14, which permits deposition of elements that cannot be 73 
delivered from normal aqueous solutions, such as elemental and compound semi-conductors.  74 
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Halogen-free ILs are attractive not only for environmental reasons (F- can react with water, giving off HF, for 75 
example) but also because the presence of Cl- or Br- can affect electrochemical behaviour. In addition, by 76 
introducing large organic anions, the hydrophobicity of the ILs may increase, limiting water uptake that can 77 
also be detrimental to electrochemical applications. In contrast to variable cathodic potential limits, 78 
generally there is little variation in the anodic edge of the potential window, with the most common anions 79 
(BF4
-, PF6
-, N(Tf)2
-) lying within a 0.5 V range13. However, this is not the case with the compounds 80 
presented here, allowing the possibility to fine tune the anion chemical structure and properties to achieve a 81 
much wider electrochemical window than for other available solvent media. 82 
Although, there have been reviews in the field of micellar electrochemistry15, the use of SAILs as 83 
electrochemical solvents has so far not been investigated. In addition, the combination of surface active IL 84 
properties presents intriguing material properties, offering advantages to using microheterogeneous fluids 85 
as electrochemical media. Ionic surfactants above the cmc form full coverage aggregates on metal and 86 
carbon electrodes with structures (bilayers, surface micelles) depending on the applied potential, electrode 87 
surface and surfactant type16, which allows manipulation of surface electrode properties and surface 88 
structures. The surfactants solubilise reactants in these structures allowing penetration to the electrode 89 
while also excluding water. Hence, the development of SAILs may give rise to both the large potential 90 
windows seen for normal ILs and increased surface selectivity fund with surfactants, but now in the same 91 
medium. Finally, extremely high capacitances of these new ILs have been determined, which may prove of 92 
interest for the future design of supercapacitors and batteries17. 93 
This paper described the straightforward synthesis of catanionic SAILs and systematic studies of physico-94 
chemical and surface active properties. The results suggest that these SAILs might be replacements for 95 
conventional ILs, but also point to new potential applications.  96 
97 
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 98 
Experimental 99 
Materials 100 
1-butyl-3-methyl-imidazolium chloride (≥ 99%) was purchased from Sigma-Aldrich and used as received. 101 
Sodium dodecylsulfate (SDS) was purchased from Sigma-Aldrich and purified by recrystallization from 102 
methanol. Aerosol-OT (AOT) was purchased from Sigma-Aldrich and purified by Soxhlet extraction using 103 
dry acetone and subjected to repeated centrifugation18. D2O and ethyl acetate (≥ 99.5%) were purchased 104 
from Sigma-Aldrich and used without further purification. 105 
Synthesis  106 
Synthesis of the precursor triple-chain Na-TC surfactant (Figure 1) followed the method reported before8. 107 
Bmim AOT and bmim TC were synthesized by adding 1.0 mol. eq. of 1-butyl-3-methyl-imidazolium chloride 108 
and Na-AOT or Na-TC in a round-bottom flask and stirring in dichloromethane for 6 hours, the resulting 109 
NaCl precipitate was then filtered off and solvent removed under reduced pressure. The ILs were then 110 
dissolved in dry ethyl acetate and centrifuged at 6000 rpm for 1 hour. The pure solution was separated from 111 
excess salt, solvent was removed under reduced pressure, and the ILs were then dried in vacuo at 70 ˚C 112 
for 24 hours. A similar procedure using methanol as solvent was employed to make bmim DS. Bmim AOT 113 
and bmim TC were clear liquids, whereas bmim DS was an opaque viscous liquid/solid (depending on 114 
cooling rates due to polymorphism). The synthesized surfactant ionic liquids were characterized by 115 
elemental analysis and NMR, all being consistent with expected values (Supporting Information, Figure S1, 116 
S2, S3 and Table S1). 117 
Karl Fischer Analysis 118 
Karl Fischer coulometric titration (Metrohm) was used to measure the residual water content of the ILs: 119 
analyses were conducted as a function of time over three days, under ambient atmospheric conditions, until 120 
no more water was detected.  121 
Differential Scanning Calorimetry (DSC) 122 
The melting points and thermal behaviour of the ILs were measured using a TA instruments DSC Q200. 123 
The heating and cooling ramp for each sample was 10 ˚C min-1 and cyclic profiles were repeated three 124 
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times. Example profiles can be found in the Supporting Information, but bmim DS is not included for 125 
reasons explained below. 126 
Density Measurements 127 
Density was measured with an Anton Paar vibrating tube densitometer (DMA 4100), from 25 ˚C to 90 ˚C. 128 
The measurements were viscosity corrected and carried out in atmospheric conditions. The instrument was 129 
calibrated using ultrapure water (Elga, resistivity = 18 MΩ cm) and atmospheric air, temperatures were 130 
controlled to within ± 0.01 ˚C using a thermostatted water bath. 131 
Viscosity Measurements 132 
A Bohlin CVO (Malvern Instruments), fitted with a cone and plate (4˚ / 20 mm), was used to determine 133 
viscosities between 25-70 ˚C (water bath). First, repeat scans of viscosity as a function of shear stress (10-134 
1000 Pa) at 25 ˚C were carried out to ensure the materials gave linear responses with no shear history. 135 
Scans were then repeated at 40 ˚C and 70 ˚C (Supporting Information). Once Newtonian behaviour was 136 
verified, plots of viscosity against temperature were recorded at constant shear stress (50 Pa) (Supporting 137 
Information Figure S7 and Table S3). The experiments for bmim DS are not included for reasons given 138 
below. 139 
Small-Angle X-Ray Scattering (SAXS) 140 
Samples were simply placed onto a thin film of mica and measurements recorded with home-built SAXS 141 
(Physics Department, University of Bristol), using a sealed-tube CuKα source with a wavelength of 1.54 Å. 142 
The scattering pattern covered scattering vectors ranging from 0.01-0.5 Å−1. 143 
Polarizing Light Microscopy (PLM)  144 
 145 
A Nikon Optiphot-2 microscope fitted with polarizing filters was used, and images were captured on a PC 146 
via a video camera and colour processor connected to the microscope. The liquid crystal phase 147 
progression of each SAIL was investigated by the solvent penetration method (i.e. phase cut)8. 148 
 149 
150 
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 151 
Surface Tensions 152 
 153 
Surface tensions  were measured at 25 ˚C using the Wilhelmy plate method, on a Krüss K100 instrument. 154 
Glassware was pre-washed with 50% nitric acid solution and then rinsed thoroughly with distilled water. 155 
The Pt plate was cleaned with distilled water and dried in a blue Bunsen flame before each measurement. 156 
The cleanliness of the glassware and plate were tested by checking the surface tension of pure water (Elga, 157 
resistivity = 18 MΩ cm). For all SAILs, measurements below the cmc were carried out using low levels of 158 
the chelating agent EDTA (99.5% tetrasodium salt hydrate, Sigma-Aldrich), at constant surfactant to EDTA 159 
ratio, in order to sequester trace impurities of divalent cationic species (M2+). This is standard practice for 160 
obtaining reliable  values with these classes of surfactants (see Supporting Information)18-19. 161 
Measurements were repeated at appropriate time intervals to ensure equilibrium. The cmc was taken as 162 
the intersection of the two branches of behaviour describing the steep tension decreases, and higher 163 
concentration plateaux, respectively.  Limiting surface tensions (γcmc) were also measured by shape 164 
analysis of a pendant drop on a DSA10-MK2 instrument (Krüss, Germany), by fitting pendant drop spatial 165 
coordinates to the Laplace-Young equation. Interfacial tension measurements between n-dodecane and 166 
water were made by shape analysis of a pendant drop of water ( 40 μL) in 4 mL of n-dodecane using the 167 
DSA10 MK2. 168 
 169 
Small-Angle Neutron Scattering (SANS) 170 
Scattering was measured on the D22 diffractometer at ILL, Grenoble, France. A neutron wavelength of λ = 171 
10 Å was employed at two different detector distances giving 0.0024 < Q < 0.37 Å-1. Data normalization 172 
using accepted procedures gave the absolute cross section I(Q) (cm-1) as a function of momentum transfer 173 
Q (Å-1). Measurements of the dilute aqueous systems ranged from 0.5-4.0 wt% in D2O (scattering length 174 
density  = 6.33 x 1010 cm-2), to provide the necessary contrast, and were placed in Hellma fused silica 175 
cuvettes, path-length 2 mm. During data analyses fitting any low level of residual incoherent scattering was 176 
accounted for by a small flat background term. Details on data analyses, and scattering laws employed in 177 
the model fitting can be found in Supporting Information. Data were analyzed in absolute units (I(Q)/cm-1) , 178 
with the fitted scale factors being consistent with expectations based on the sample compositions. A model 179 
for multilayer stacks20 was employed (Supporting Information). 180 
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 181 
Electrochemical studies 182 
Measurements of potential windows were carried out at room temperature on pre-dried SAIL samples 183 
(vacuum oven). An Autolab PGSTAT-30 potentiostat (Metrohm, Switzerland) was used and the IL medium 184 
was contained in a custom built electrochemical cell, designed to accommodate small sample volumes (0.5 185 
mL). A silver wire was used as a quasi-reference electrode, with a platinum coil as a counter electrode, and 186 
a 25 µm diameter gold micro-electrode as the working electrode.  187 
 188 
Results and discussion 189 
Physico-chemical properties 190 
Karl Fischer analyses revealed that bmim DS contained the highest water levels, with bmim AOT and bmim 191 
TC considerably drier (Table 1). The value for bmim AOT is lower than that for pure dry Na-AOT (~4052 192 
ppm)21, possibly due to the larger counterion limiting hydration around the sulfonate group. These values 193 
are comparable to that found for a dried standard IL, bmim BF4  (4538 ppm)
22. 194 
It has been established that residual water content can have a major effect on physico-chemical properties 195 
of ionic liquids23, however most previous work either fails to mention this or goes to the extreme of carrying 196 
out experiments under rather difficult to establish moisture-free conditions24. Although the latter is 197 
necessary for fundamental research, it does not prove useful for practical applications of ILs. It is in fact 198 
impractical to exclude water from the compounds used in this paper owing to water being very difficult to 199 
remove in the starting materials (for example, Na-AOT cannot be easily dried to less than 10 mol % 200 
water)21: on the other hand, this structured water may actually be beneficial for certain applications. 201 
Recently, Fujita et al.25 showed that small amounts of water strongly affect protein solubility in ILs, while 202 
retaining the properties of the IL. This is because the water is strongly solvated to the ions, thus limiting its 203 
chemical activity. 204 
 205 
Compound Melting 
point / °C 
Water content  
/ ppm 
Density at 25 °C  
/ (g cm-3) 
Viscosity at 25 °C  
/ (mPa s) 
     bmim DS - 11790 - - 
   bmim AOT -19 3367 1.08 3916 
bmim TC -22 5232 1.08 3639 
 206 
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Table 1: Bulk physico-chemical propeties of SAILs studied 207 
 208 
The melting points of both bmim AOT and bmim TC are far below room temperature, being -19 °C and 209 
-22 °C respectively, as expected due to the asymmetry and large size of the anions in such ILs. For bmim 210 
AOT, a liquid crystal phase is seen up to 25 °C, which melted to yield an isotropic liquid. Other imidazolium-211 
based ILs with straight chain sulfonate anions have shown this behaviour5. It has been suggested that the 212 
C2 proton is essential to promote liquid crystal stabilization6b. For the largest anion studied here, the triple-213 
chain, TC, no liquid crystal phases were observed within the operating range of the DSC (>-60 °C) 214 
(Supporting Information, Figure S4). Profiles for bmim DS were measured with vastly different melting 215 
points recorded, probably due to polymorphism and so no firm conclusions could be made about that 216 
compound. This is not uncommon behaviour: for example, bmim Cl has two possible non-interconvertable 217 
crystal structures (and melting points) due to the various possible trans gauche arrangements of the 218 
cation26. Crystallization is promoted when two different local structures (trans and gauche conformers) with 219 
different enthalpies of melting transition can coexist. However, for those with similar enthalpies, 220 
crystallization is hindered and lower melting are points observed. This may explain the results seen here, 221 
and also implies the possibility of polymorphism in the bmim AOT and bmim TC should not be ruled out. 222 
 223 
The density ρ values agree with those previously reported for cationic ILs, for which ρ decreases with 224 
increasing alkyl chain length substituent on the cation (methylene groups are less dense than imidazole)22. 225 
(Supporting Information Table S2 and Figure S5). Interestingly, bmim AOT and bmim TC contain high 226 
methylene contents so that that their densities (ρ ≈ 1.08 g cm-3) are much lower than most other ILs. For 227 
example, the densities of bmim based ILs have the following densities22 (units in g cm-3): 228 
 229 
TC (1.08) ≈ AOT (1.08) ≈ Cl- (1.08) < BF4
- (1.12) < PF6
- (1.36) < Tf2N (1.43) < I
- (1.44) 230 
 231 
Small angle x-ray scattering was carried out on the neat SAILs (Supporting Information, Figure S6). Even 232 
though the bmim DS sample was isotropic during the experiment, DSC (Supporting Information, Figure S6) 233 
showed that the system was polymorphic around this temperature (25 °C). A broad diffraction band is 234 
centred around Q = 0.2745 Å-1 (2π/Q = 22.88 Å). This peak becomes broader for bmim AOT and bmim TC, 235 
suggesting a more disordered structure. The peaks also lower in intensity and shift to higher Q values 236 
(bmim AOT = 21.47 Å, bmim TC = 18.83 Å), consistent with reducing anion lengths DS>AOT>TC. Further 237 
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investigation would be required to determine exactly how the anion/cation pair orient relative to each other. 238 
However, X-ray data reveal ordering present even in the isotropic liquid phase, which may be important for 239 
explaining electrochemical properties such as capacitance (discussed later). Investigation of the structure 240 
of “neat” SAILs may also be important for possible applications controlling stereoselective outcomes of 241 
organic reactions. 242 
Viscosity measurements  243 
For bmim DS, shear thinning was observed, possibly due to a structural change (as previously mentioned 244 
various polymorphs may be possible). Measurements for bmim DS were not reproducible and so an 245 
analogous straight chain surfactant from the literature (bmim C8SO4) was included in Figure 2 for comparison. 246 
The common IL Bmim PF4 was also selected for a more detailed comparison. 247 
Viscosity measurements for the other compounds (bmim AOT and bmim TC) were taken at temperatures 248 
ranging from 25 – 70 °C, with a maximum viscosity of 3640 mPa s reducing to 295 mPa s (Figure 2). 249 
Most ionic liquids22 may be classed as Newtonian fluids as viscosity remains constant as shear rate 250 
increases. This was observed for the most highly branched IL surfactant, bmim TC, even after multiple 251 
hystereses of shear stresses had been repeated at increasing temperatures (Supporting Information, 252 
Figure S7). Seddon27 reported that ILs of the imidazolium BF4 family (cationic surfactants) with longer alkyl 253 
chains (typically n >12) exhibit non-Newtonian behaviour. Surprisingly however, the anionic compounds 254 
studied here, with more alkyl carbons than compounds in the previous study27, are still Newtonian. For 255 
bmim AOT Newtonian behaviour is also seen with the viscosity ranging from 3920 mPa s to 280 mPa s 256 
over the temperature range examined. Astonishingly, the viscosity falls by over 50% between 25 °C and 257 
35 °C. These values indicate that branching of the anion causes similar behaviour to that reported in 258 
literature, whereby increasing alkyl content on the anion slightly increases viscosity. However, the 259 
viscosities are around an order of magnitude higher than similar alkylsulfate based ILs, perhaps owing to 260 
an increase in van der Waals interactions owing to long branched alkyl chains, competing with electrostatic 261 
terms28. An extra factor affecting bulk viscosity may also be hydrogen bonding between the C2 proton and 262 
the anionic sulfonate group. An interesting observation is that anion chain branching opens up a much 263 
wider window of viscosity, and that this should be tunable depending on the anion chemical architecture. 264 
Such control over viscosity may be useful in chemical engineering applications involving reaction kinetics 265 
and heat transfer (Figure 2). 266 
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 267 
Figure 2: Effect of temperature on viscosity.  268 
Literature data for bmim PF4
29
 and bmim C8SO4
30
 have been included for comparison. 269 
The experimental viscosities were calculated from the integrated form of an Arrhenius-like expression 270 
(Equation 1), which is more appropriate than the comparative Vogel-Fulcher-Tammann (VFT) equation, 271 
due to the asymmetry and bulk of the anions27. 272 
                                                                                                                                      Eq. 1 273 
 is the apparent viscosity at infinite temperature and Ea is the viscosity activation energy (the semi-274 
logarithmic plots are found in the Supporting Information, Figure S8). The magnitude of Ea is an indication 275 
of the difficulty of transfer of molecules through the liquid matrix. The value for Ea with bmim AOT is higher 276 
than that for bmim TC (49.46 and 47.08 kJ mol-1, respectively), suggesting more order in the bmim AOT 277 
system. The activation energies are also higher (approx. 30%) than those of bmim PF4 (dry = 34.1 kJ mol
-1, 278 
and saturated with H2O = 29.0 kJ mol
-1)29 and much higher than for typical molecular solvents (c.f. H2O 279 
(20°C) = 17.0 kJ mol-1, benzene = 10.4 kJ mol-1, and acetone = 7.1 kJ mol-1).31 Addition of co-solvents has 280 
also been shown to reduce viscosity32, and this might be used to provide finer control still. For example, 281 
small additions of solvent could affect mesophase formation resulting in larger viscosity changes.  282 
Phase behaviour by polarizing light microscopy (PLM) 283 
The phase penetration PLM method was used to seek evidence of mesophase formation with added water 284 
(Figure 3): different mesophase optical textures appear across the steep concentration gradient set up 285 
against water. The transition from fluid micellar to liquid crystalline phases can be explained by a 286 
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competition between increase in free energy associated with loss of orientational entropy, and reduction of 287 
free energy related to excluded volume and additional interactions. 288 
 289 
 290 
Figure 3: Optical textures of SAILs in phase penetration experiments (T = 25 ˚C) 291 
 292 
As mentioned above, the single chained SAIL (bmim DS) exhibits irreproducible properties, possibly 293 
because of polymorphism. All batches produced, whether liquid or solid at 25 ˚C, showed birefringence as 294 
neat ILs, evidence of liquid crystalline ordering and mesophase formation in the presence of water. Both 295 
bmim AOT and bmim TC showed evidence of mesophase formation on addition of water, but no 296 
birefringence in the neat sample, consisitent with findings from DSC and SAXS analyses.  297 
 298 
Surface tensiometry and analyses 299 
Surface tensions as a function of concentration in dilute aqueous solutions were recorded at 25 ˚C to 300 
establish critical micelle concentrations (cmc) (Figure 4, Table 2, Supporting Information, Table S5), and 301 
generate adsorption parameters. Although the self-aggregation behaviour of SAILs has recently attracted 302 
much attention, it now appears that in this respect they behave just like regular ionic surfactants7-8. For 303 
example, the cmcs of the SAILs decrease with increasing carbon numbers on the anion tails, nc in broad 304 
accordance to the Klevens equation33: 305 
          log(cmc) = A - Bnc                                                                Eq. 3 306 
 307 
where A and B are constants and, for paraffin chain salts having a single ionic headgroup, B is 308 
approximately equal to log 2 (i.e., reducing the surface tension to approximately half per each additional 309 
CH2 group). It is known that chain branching in hydrocarbon surfactants gives higher cmc values than 310 
comparable straight-chain surfactants34.  311 
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The cmcs for bmim DS and bmim AOT lie lower than their respective normal sodium forms (Table 2)8. This 312 
may be because the bmim cation is more effective at screening intramicellar electrostatic repulsions 313 
compared to Na+ 6c, but also because bmim is more hydrophobic, thus reducing the free energy of 314 
micellization. 315 
The tri-chain SAIL (bmim TC) has a cmc a little higher than that of its sodium analogue. There are 316 
contrasting reports in the literature to how bmim ions might order at an interface35. This ordering may be 317 
influenced by the structural nature of the anion tails, and in turn affect the ability of the cation to screen 318 
headgroup repulsions.  319 
 320 
 321 
Figure 4: Surface tension data (with quadratic fits to pre-cmc data) and derived adsorption isotherms 322 
SAIL cmc / mM  
± 0.3 
γcmc / (mN m
-1) 
± 0.5 
(Wilhelmy plate) 
Acmc / Å
2  
± 10% 
      Na-DS 8.00 34.9 56 
      Na-AOT 2.88 30.6 70 
      Na-TC 0.11 24.9 136 
    
      bmim DS 2.30 32.9 56 
      bmim AOT 1.78 25.7 86 
      bmim TC 0.55 24.8 111 
 323 
Table 2: Parameters derived from surface tension measurements.  324 
Data for sodium analogues taken from Eastoe et al.
8
 325 
326 
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 327 
The effectiveness of these ILs at reducing limiting surface tensions is very interesting. It has been observed 328 
before that for such SAILs with bulky organic cations, aggregation properties are dominated by anion 329 
structure8. The single chained bmim DS has a surface tension lower than its sodium analogue (32.9 mN m-1 330 
c.f. 34.9 mN m-1),8 as does bmim AOT (25.7 mN m-1 c.f. 30.6 mN m-1 for Na-AOT)8, with values comparable 331 
to those of these anions with tetrapropylammonium cations. However, with bmim TC a lower limiting 332 
surface tension is reached, having what is believed to be the lowest surface tension for any imidazolium 333 
containing compound. Furthermore, these values are as low as any hydrocarbon surfactant, being 334 
comparable to some fluorocarbon surfactants36, possibly representing the physical limit of surface tension 335 
reduction for such compounds. It is instructive to compare these γcmc values with those for linear alkanes 336 
such as hexane (γcmc
 = 18.4 mN m-1 at 25 ˚C)37. It has been suggested that the lowest surface tensions are 337 
reached when the cation and anion tails are similar in size5, and although this may be true for single chain 338 
compounds, for these SAILs there is no further reduction in surface tension (because hydrophobic bulk of 339 
the anion governs micellisation) (Supporting information, Figure S10 and Table S5).  340 
The limiting headgroup areas at the cmc (Acmc) were calculated by fitting pre-cmc tension data to quadratics 341 
to generate adsorption isotherms using the Gibbs equation (Equations 4 and 5)18, 38. A prefactor of m = 2 is 342 
expected for 1:1 dissociating ionic surfactants8. 343 
                                                                                                                                             Eq. 4 344 
                                                                    Eq. 5 345 
Previous studies have shown that for the parent surfactants (Na-DS, Na-AOT, Na-TC)(Table 2), Acmc 346 
increases dramatically, consistent with expectations based on packing parameter arguments8. The same 347 
studies also showed that on replacing the Na+ with large bulky tetraalkylammonium cations, Acmc was still 348 
dominated by the identity of anion, appearing to also be the case with the bmim cation used here. The Acmc 349 
value for Na-TC is larger than that for the bmim TC but, as mentioned above, this may be a result of 350 
ordering of the bmim cation at the air-water interface. 351 
352 
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 353 
Micellar structure by SANS 354 
SANS data were collected as a function of concentration in dilute aqueous phases, with all bmim 355 
compounds exhibiting strong Q−2 scattering (Figure 5). This scattering is consistent with stacked lamellar 356 
phase fragments, and curves could be adequately fit by a model for multilamellar stacks20. The fit 357 
parameters were R* (or R and·σ, where R is the radius or a multi-walled vesicle and σ the layer 358 
polydispersity), the local extent of planarity, and L, a mean layer thickness of M layers, spaced by D with a 359 
superimposed Gaussian distribution of L and D as σL and σD, respectively (Figure 6, Table 3).  360 
 361 
Figure 5: SANS profiles for bmim DS, bmim AOT and bmim TC surfactants in D2O at 0.5 and 4 wt% at 25 °C. Lines 362 
through the data are fits using the model for paracrystalline stacks (scattering laws in Supporting Information), with the 363 
parameters listed in Table 3.  364 
365 
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 366 
 367 
 368 
Figure 6: Schematic of paracrystalline stack structure 369 
 370 
 371 
 372 
 373 
 374 
 375 
 376 
Table 3: Parameters fitted to SANS data using the model for polycrystalline stacks
24
.  377 
Values in brackets estimated using (2π/Q) 378 
Bowers et al.3 showed that bmim BF4 aggregates above the “cmc” form spherical micelles around 13 Å in 379 
radius. It is known that SDS forms spherical micelles8, 39, and even when substituting sodium for bulky 380 
tetraalkylammonium cations the micellar size and shape is maintained8, 39. Mislkolczy investigated bmim 381 
C8SO4 by turbidity and conductivity measurements, and also observed micelles
6c. Surprisingly, however, at 382 
0.5 wt% in water this longer C12 chain analogue, bmim DS, forms multilayer stacks where the bilayer 383 
thickness (L) is approximately twice the DS- anion length. Increasing the concentration increases the layer 384 
SAIL wt% L / Å R* M D / Å 
bmim DS 0.5 27.3 415 2.39 136 
bmim DS 1.0 30.8 223 3.47 82 
bmim DS 2.0 29.2 150 13.8 55 
bmim DS 4.0 28.4 154 15.1 68 
      
bmim AOT 0.5 12.6 676 1.9 559 
bmim AOT 1.0 17.9 625 1.9 559 
bmim AOT 2.0 - - - (537) 
bmim AOT 4.0 19.0 555 6.1 462 
      
bmim TC 0.5 - - - - 
bmim TC 1.0 - - - (659) 
bmim TC 2.0 21.2 529 1.8 679 
bmim TC 4.0 20.5 312 5.1 489 
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rigidity (R*), whilst also increasing the number of bilayers (M). This SANS behaviour for bmim AOT is 385 
analogous to other AOT containing ILs8, which are known to exhibit a mixed structure (L1 + Lα) under these 386 
conditions40. In comparison to bmim DS, the decrease in bilayer separation is less pronounced, as is the 387 
extent of bilayer aggregation, M, and the stiffness parameter, R*. On increasing the anion size from straight 388 
chain to double and triple chain, it appears that the bilayer separation, D, increases substantially. However, 389 
none of the other fitted parameters show any obvious trend down the anion series, making it difficult to 390 
draw firm conclusions about relationships between anion structure and aggregation.  391 
 392 
Electrochemical properties 393 
Cyclic voltammograms of bmim AOT and bmim TC employing an Au microelectrode at scan rate of  394 
100 mV s-1 are displayed in Figure 7. Taking an arbitrary scale of 100nA, it could be estimated that the 395 
potential windows of both SAILs are approximately 4 V. This potential window is significantly wider than 396 
those found in aqueous solutions (water ~ 2 V41) and comparable to those reported in conventional 1-butyl-397 
3-methyl-imidazolium containing ILs. For example, using a platinum microelectrode, Schröder et al.42 398 
reported potential windows of 4.15 V and 4.10 V for dry samples of bmim BF4
 and bmim PF6
 respectively, 399 
and Suarez et al.43 recorded potential windows of 4.0 V and 5.0 V. It is also noteworthy that these new ILs 400 
have beneficial electrochemical properties, even under anaerobic conditions. Continuous potential cycling 401 
of bmim AOT showed progressive passivation of the electrode at high positive potentials (results not 402 
shown). This can be observed from the relatively slow rate of current increase at the anodic potential limit 403 
(Figure 7). The greater anodic/cathodic current of the bmim TC as compared to bmim AOT could be a 404 
result of the lower viscosity (c.f. Figure 2). 405 
 406 
Figure 7: Cyclic voltammograms for bmim AOT and bmim TC on an Au microelectrode  407 
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at a scan rate of 100 mV s
-1
 at room temperature. 408 
 409 
The anodic responses observed between 1 and 3 V are linked to the formation of Au oxide, as well as 410 
oxidation of products generated at the negative end of the potential window. As shown in the inset of Figure 411 
7, part of the current responses observed around 1 V disappear when the potential window is restricted to 412 
-1.5 V. The fact that the reduction products of the imidazolium ring can be oxidised in the reverse scan is 413 
likely linked to the high viscosity of the SAILs. Indeed, the hemispherical geometry of the diffusion profiles 414 
characteristic of microelectrodes tends to enhance the rate of product diffusion away from the electrode. In 415 
this case, the diffusion coefficients are expected to be low, allowing the oxidation of products in the reverse 416 
scan. It should also be mentioned that the presence of impurities, such as water, may also be connected to 417 
some of the smallest features observed in the voltammograms. A key issue to be investigated in the future 418 
is the solubilisation of metal precursors, which could be electrodeposited upon negative polarisation. It is 419 
envisaged that structural ordering (Figure 6) could be translated in to the structure of the electrodeposits. 420 
 421 
Ionic liquids exhibiting large capacitances offer potential for the development of supercapacitors, which are 422 
presently considered to be energy storage devices of choice. The capacitances of these SAILS have been 423 
estimated at the ionic liquid-electrode interface (Eq. S3, Supporting Information). Values obtained were 260 424 
± 97 µF cm-2 and 34 ± 12 µ F cm-2 for bmim AOT and bmim TC respectively. The electric double layer 425 
capacitances for bmim BF4 and bmim PF6  have been determined in a detailed study by Lockett et al.
44 and 426 
showed strong potential dependence, with maximum capacitances in the order of 10 µF cm-2; significantly 427 
less than the capacitances obtained here. Unlike aqueous electrolytes or high-temperature molten salts the 428 
ions in ILs are often more complex, with delocalised charges, hydrogen bonding capability and high ion 429 
polarizability, leading to microstructuring at the IL-electrode interface. The high capacitances observed here 430 
are most probably due to increased amphiphilic nature of the anions, leading to more regular ionic domains 431 
(c.f. X-ray scattering data, Supporting Information) and shifting the potential of zero charge (pzc). 432 
Conventionally, large anions lead to lower capacitance45, but here the anions account for most of the 433 
hydrophobic bulk which seems to further increase capacitance. 434 
 435 
436 
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 437 
Conclusions 438 
The synthesis and characterization of physico-chemical properties of new SAILs with wide variations in 439 
chemical structure have been reported, and potential applications have been explored. The advantages of 440 
these compounds over existing ILs and SAILs are facile synthesis: they can also be readily generated from 441 
commercially available, cheap starting materials, with lower potential environmental hazards (halogen free) 442 
and toxicity (short imidazolium alkyl chain) than normal imidazolium based SAILs. Interestingly, the 443 
experimental data obtained under atmospheric conditions suggest suitability of these ILs for 444 
electrochemical applications, without the need for excluding air or water, which is a limitation of other 445 
common ILs. For example, low densities have been recorded which could be ideal for producing lightweight 446 
batteries, and the 50% drop in viscosity over 10 °C shows that these ILs may be useful transport media at 447 
convenient temperatures.  448 
Polarizing light microscopy shows evidence for mesophase formation, and surface tension measurements 449 
show that cmc can be controlled by hydrophobic bulk of the anion. Furthermore, bmim SAILs can promote 450 
very low air-water surface tensions: bmim TC promotes what appears to be the lowest surface tension of 451 
any imidazolium based IL, and also of any normal hydrocarbon surfactant, this γcmc of ~ 25 mN m
-1 is 452 
equivalent to values of typical low surface energy fluorocarbon analogues.36 This could potentially lead to 453 
replacement of hazardous fluorinated surfactants, with cheaper more benign hydrocarbon compounds, 454 
such as reported here.  455 
In dilute aqueous phases SANS data indicate sheet-like structures for all compounds in dilute aqueous 456 
phases, with parameters such as interlayer distances, D, controlled by concentration and anion structure, 457 
all consistent with packing parameter arguments46. Particularly interesting is how bmim DS follows this 458 
trend, deviating from the spherical aggregates seen for other dodecylsulfate anions with large organic 459 
counterions, such as the tetraalkylammonium dodecylsulfates8.  460 
These results suggest that the ionic liquid nature of bmim SAILs confers no special properties on their 461 
aggregation behaviour7-8. The unique combination of ionic liquid with surfactant properties may pave the 462 
way to the development of novel reaction media, where the possibility of mesophase catalysis may be 463 
combined with subsequent separation and extraction from an IL phase. Furthermore, these novel SAILs 464 
may find applications in electrochemistry, since the accessible potential window is influenced by the 465 
intrinsic ionic liquid nature, with partitioning of reactants at electrodes influenced by the inherent surface 466 
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active properties. Electrochemical results also indicate that these compounds, although containing trace 467 
water, still have relatively large potential windows and that this may be further increased through anion 468 
substitution. Other possible applications include templating electrodeposition, and due to large 469 
capacitances and low densities, in batteries and supercapacitors. 470 
 471 
Associated content 472 
Supporting Information. Additional details of IL synthesis, characterization, surface tension and viscosity 473 
measurements, DSC, SANS experiments, and SANS data modelling.  474 
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